Abstract: Poly(9,9-dioctylfluorene) (PFO) shows highly efficient blue emission with photo excitation occurring between 340-400 nm. Here we show that PFO can in dilute solution emit at a wavelength well below that at which it is being exited. This, we propose is related to an energy transfer from conjugated parts of the polymer chain into more localised states which then emit at a lower wavelength. These localised states can be considered as defects in the conjugation of the polymer or as chain ends. These may produce quasi monomer or quasi dimer species within the chain, which will have a HOMO-LUMO gap of higher energy than the conjugated polymer. These then fluoresce at the lower wavelength; essentially causing, by energy transfer, a process of energy up-conversion.
Introduction
Light emitting polymers (LEPs) have received a great deal of attention over the last two decades [1, 2] . Polyfluorenes have emerged as one of the most promising conjugated polymers for optoelectronic application [3, 4] due to good emission properties in the blue together with good mechanical properties and processability. Most photoluminescence studies have been conducted on concentrated solutions and on the main absorption and fluorescence bands that occur in the near UV and blue region of the spectrum. Their spectral location is being dictated by the level of conjugation in the polymer. The long conjugation length required for good optoelectronic properties impose a defect free chem-ical structure of the polymer. For better understanding of the electronic and optical properties of polyfluorenes several groups have recently investigated conjugated fluorene oligomers [5] [6] [7] . Fluorescence of π-conjugated systems consisting of small molecules, oligomers and polymers is well understood.
Fig. 1
Chemical structure of poly(9,9-dioctylfluorene) (PFO): with n = 1: quasi monomer unit, n = 2: quasi dimer unit, n = 3: quasi trimer unit, n = 4: quasi tetramer unit.
There is a particular interest in solution properties of conjugated light emitting polymers. LEPs dissolved in a polymer matrix for example exhibit pseudo solution properties and have possible applications in down-converting UV light emitted by an LED [4] or for polymer lasing applications. Up-conversion fluorescence in PFO has previously been discovered, but was usually associated with simultaneous or sequential absorption of at least two photons of lower energy [8] . To achieve two photon absorption high intensity pulsed lasers are required. Another interesting contribution showed energy up-conversion using the sun as a low power light source exciting a two component system: PFO embedded in a sensitizing matrix [9] . Both the two photon and the sensitizer mediated up-conversion studies concentrated on exciting in the red spectrum to achieve fluorescence from the main emission band of PFO in the blue visible spectrum.
Experimental part
The poly(9,9-dioctylfluorene) (PFO) was donated from Sumitomo Chemical. Solutions were prepared by placing a few milligrams of PFO in pure n-hexane and then sonicating the mixture for five minutes to dissociate the PFO flakes. Using a VWR Acrosdisc 0.2 μm microporous PTFE filter, excess PFO could be removed. This solution was used as stock solution from which all lower concentrated samples were prepared. The initial concentration was determined after evaporating the solvent. All lower concentration values were calculated from the spectroscopic absorption data.
The solid film was spin cast onto quartz from a PFO toluene solution (20 mg/mL) for 60 seconds at 2000 rpm, to receive a ∼200 nm thick film. The absorption spectra for the solutions and the film were measured on a Varian Cary 300 UV-vis spectrometer. Photoluminescence was recorded on a Perkin Elmer LS 50B luminescence spectrometer. 99+% n-hexane and toluene were used as purchased from Fisher Scientific / Acros Organics. The energy levels and absorption maxima of the 9,9-dioctylfluorene monomer, dimer, trimer and tetramer were molecular modeled by using a hybrid density function (DFT) set of B3LYP/6-31G* on a Spartan interface. Molecular weights were determined upon gel permeation chromatography (GPC)using a Waters/Millipore UV detector 481 and a size exclusion column combination (Latek Styragel 50/1000 nm pore size). All GPC measurements were carried out using freshly distilled tetrahydrofuran at 45
• C. The columns were calibrated versus commercially available polystyrene standards.
Results and discussion
The photoluminescent properties of LEPs are highly influenced by both their processing and their environment. In the solid state or dissolved in non-polar solvents issues such as solvatochromism are avoided [10] . The fundamental difference in behaviour in solution is one of the photoluminescence quantum yield. In the solid state for a polyfluorene the typical quantum yield is around 7%, while in various solvents the quantum yield increases to between 45-60% [11] . The loss in quantum yield is caused by reabsorption of the photoluminescence and interchain interactions in the solid state, with dilution in solvent such issues become less important.
Here we report on a photoluminescence study of poly(9,9-dioctylfluorene) (PFO) in very low concentrations in pure n-hexane to avoid the aforementioned effects. We assume that any contribution of possible defects in conjugation to the photoluminescence may be masked in the solid state or in concentrated solutions due to interchain interactions, reabsorption, and quenching. Observing the PFO in dilute solution and not in a solid film or concentrated solution intermolecular interactions will be lessened, individual polymer chains will be further apart from each other and hence intramolecular interactions will be favoured. The concentrations for this study were chosen to reach from 0.0028 wt % (9 nmole per gram n-hexane) to 0.0120 wt % (40 nmole per gram n-hexane).
The chain dynamics in PFO however are restricted in solution [12, 13] due to the conjugated nature of the material except for the chain ends which can more easily twist out of the plane of conjugation. The polymer has a large absorption band between 340-420 nm depending on the conjugation length and/or degree of polymerisation. The average conjugation length in PFO is twelve fluorene units [10] .
In Figure 2 the UV absorption spectra for a solid PFO film spun from toluene and for PFO in dilute hexane solutions are presented. In the solid PFO spectrum as well as in all PFO solution spectra a small red shifted absorption band is apparent. This band can be assigned to a morphological species in the solid state the so called β-phase of PFO. In the β-phase the octyl side chains arrange in an anti-gauche-gauche conformation which is energetically favoured and individual polymer chains adopt longer conjugation lengths, hence exibit red shifted absorption [14, 15] . The percentage of polymer chains forming this phase strongly depends on the polarity of the solvent PFO is cast from or subsequently exposed to. When PFO is spun from chloroform only 8% of PFO forms the β-phase [16] , but when exposed to hexane vapour for a few hours the β-phase content in a film increases to about 50% [17] . Fig. 2 Absorption of PFO, solid and in hexane solution. The upper graph shows the absorption for different PFO concentrations in hexane and of a ∼200 nm thick PFO film on quartz. The lower graph shows the molecular modeled absorption maxima for the F8 monomer (n = 1), dimer (n = 2), trimer (n = 3) and, tetramer (n = 4) as a vertical line.
The phenomenon of the β-phase is of intramolecular nature [17] so it is not surprising to find PFO chains adopting the β-phase conformation to some extend also in the solvated state Since exposure to hexane seems to promote the formation of the the β-phase, this may explain the red shifted band apparent in the PFO solution spectra in Figure 2 . We performed three dimensional (3-D) photoluminescence analysis on PFO to investigate the highly diluted PFO solutions. The samples were excited from 200-490 nm and the emission was monitored from 200-600 nm, for clarity of interpretation the excitation peaks and primary scattering have been highlighted. The 3-D contour maps of the PFO in hexane at various concentrations are shown in Figure 3 . Although PFO is hardly soluble in n-hexane it was chosen for its superiour deep UV transparency and unpolarity. The same experiment in tetrahydrofurane did not deliver reliable results due to its higher absorption in the deep UV and its polar effect on the photospectral properties of PFO.
Usually photoluminescence spectra are monitored at greater wavelengths than the excitation wavelength. The 3-D photoluminescence plots shown in Figure 3 are easy to interpret bearing in mind that the usual fluorescence would appear above the bisecting excitation line. All emission below the bisecting line is not compatible with standard fluorescence theory as it would imply that a lower energy excitation yields a higher energy emission, or in short an energy 'up-conversion'. Within the excitation region of 350 -400 nm an emission begins to appear at the second lowest concentration (Figures 3b-3d) below this bisecting excitation line. This emission increases in intensity and breadth, when the concentration of PFO in n-hexane is increased. The bandwidth of the instruments excitation source is 2.5 nm and the breadth of the emission peak is ∼80 nm and the effect shows concentration dependence therefore discounting the possibility of this observation being an instrumental artefact. Unfortunately it is not possible to investigate more concentrated solutions of PFO in n-hexane due to its limited solubility.
Many groups [1, 5] have previously synthesised fluorene-oligomers, -trimers, -dimers and -monomers and shown that shortening the conjugation length of polyfluorene results in a hypsochromic shift of the UV absorption and fluorescence emission. The observations could be attributed to such oligomers or molecules existing in the samples as free entities due to incomplete polymerisation during the chemical synthesis of PFO. To rule out this possibility GPC analysis was performed, showing no species with a molecular mass below 85000 Da and an average molecular weight of 350000 Da. However, it is probable that pseudo oligomeric species exist as defects in the backbone conjugation of PFO. Breaks in conjugation would arise close to oxidative defects [18] and in the region of catalyst impurities incorporated or formed during the polymer synthesis [19] . Breaks in conjugation could also be located at chain ends [20] due to increased chain dynamics. Those isolated chain units could act as quasi monomer, dimer or other low number conjugated species creating localised electronic states within the polymer chain.
We calculated the electronic states for 9,9-dioctylfluorene (F8) oligomers by molecular modelling and found good agreement with experimental data in the literature in terms of the absorption maxima of the tetramer down to the dimer species. For the monomer species the calculated absorption maximum wavelength is reduced to 252 nm, reflecting the increase in the localisation of the electronic state. The electronic state of the polymer is highly delocalised along the conjugation length. With decreasing chain length the electronic state becomes increasingly localised resulting in a higher energy HOMO-LUMO gap. The shift in absorption maxima with decreasing chain length appears not to be a linear function of the number of constituent units.
Having proven the absence of any small impurities we hypothesize the following mechanism for the observations reported. The excitation 350 -400 nm radiation from the fluorescence spectrometer will be absorbed by the conjugated polymer unit as it is common understanding, then an energy transfer from this highly conjugated unit into more localised species that are incorporated within the polymer backbone (chain ends, non conjugated species produced by incorporating defects during polymerisation) could occur. These highly localised pseudo monomer or oligomer species have a higher HOMO -LUMO gap as proven by the calculations and can hence fluoresce at a lower wavelength that the excitation. The observations which are small in intensity compared to the standard fluorescence will be masked in samples of higher concentration, because of reabsorption of the higher energetic emission.
Conclusions
In summary we report fluorescence upconversion for very diluted PFO in n-hexane solutions. This phenomenon was explained by an energy transfer from the main absorption band of the conjugated polymer segment and subsequent energy transfer into a quasi monomer or quasi dimer unit. These excited moieties then fluoresce at higher energies than the absorption energy. These quasi monomer and dimer species were assigned to conjugation defects in the polymer chain. These defects could be evoked by breaks in conjugation within the polymer chain or by increased mobility at the chain ends. This explanation could give crucial information for the design of energy upconverting materials.
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